Abstract---Assessment
I. INTRODUCTION
STIMATION of rainfall for a desired return period and different durations is often required for design and risk analysis of hydraulic and other structures in a region. Annual maximum rainfall estimates likely to occur for different return periods are very often important inputs for design purposes. These extreme events are also essential in the post commissioning stage, wherein the assessment of failure of hydraulic structures needs to be carried out. The estimation of extreme values is also an important aspect of the siting and design of nuclear power projects [1] . Research studies showed that hourly rainfall data is needed for designing the storm water drainage around the site, while the daily rainfall data are needed for generating design basis flood water level at inland sites, which are often situated near a river course or dam. Hourly rainfall data may be made use of to arrive at running average data for any desired duration. For example, if the point of interest is one-day rainfall, then the 24-hour rainfall value may be considered in the absence of daily rainfall data.
A theoretical analysis of extreme hydrologic phenomena has led researchers to identify Gumbel distribution as a standard distribution for frequency analysis of recorded extreme hydrologic events, such as rainfall, flood, temperature, evaporation, etc; and hence used in the present study [2] . A number of parameter estimation methods such as Method of Moments (MOM), Maximum Likelihood Method (MLM), Method of Least Squares (MLS), OSA and PWM are available for determination of parameters of Gumbel distribution [3] .
MOM is a natural and relatively easy parameter estimation method. MLM is considered the most efficient method, since it provides the smallest sampling variance of the estimated parameters and hence of the estimated quantiles compared to other methods. But, the method has the disadvantage of frequently giving biased estimates and often failed to give the desired accuracy in estimating extremes from hydrological data. It may produce quality estimators in small samples, especially when the random variable is restricted to an interval that depends on the parameters [4] [5] . PWM is much less complicated, and the computations are simpler. Parameter estimates from small samples using PWM are sometimes more accurate than the ML estimates for Gumbel distribution [6] [7] .
In this paper, MOM, MLM, MLS, OSA and PWM are used for determination of parameters of Gumbel distribution for estimation of ER for different return periods for Bhavnagar region. Goodness-of-Fit test involving KS test is employed for checking the adequacy of fitting of the method to the recorded rainfall data. RMSE is used to evaluate the performance of the estimated annual daily and 24-hr maximum rainfall using five methods of Gumbel distribution for Bhavnagar. According to AERB guidelines, the Mean+SE (which indicates the upper confidence limit will represent the value that will not be exceeded by 84.13 % of the events having a desired return period) value is generally considered in arriving at a design value. In the present study, the Mean+SE values of 1000-year (yr) return period ERs (based on hourly and daily rainfall data) given by five methods of Gumbel 
) where α and β are location and scale parameters [8] . The parameters are computed by MOM, MLM, MLS, OSA and PWM; and used to estimate ER (R T ) for different return periods using the relation
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Method of Moments
where R and S R are the mean and standard deviation of the recorded rainfall data.
Maximum Likelihood Method
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Method of Least Squares
where P i =(i-0.44)/(N+0.12) and ln(-ln(P i )) defines the cumulative probability of non-exceedance for each R i .
Order Statistics Approach
OSA is based on the assumption that the set of extreme values constitutes a statistically independent series of observations. The OSA estimators of Gumbel distribution are given by:
where * r and ' r are proportionality factors, which can be obtained from the selected values of k, n and n ′ using the relations as follows:
Here N is the sample size containing the basic data that are divided into k sub groups of n elements each leaving n′ remainders. * M α and * M β are the distribution parameters of the groups, and ' M α and ' M β are the parameters of the remainders, if any. These can be computed from the following equations:
where 
Here 'i' is the rank assigned to each sample arranged in ascending order and N is the sample size. 
The coefficients used in computation of SE by MOM, MLM, MLS and PWM are given in Table 2 . 
The weights ni α and ni β used in determining OSA estimators, and values of A n , B n , and C n used in computing the SE for OSA, are given in AERB safety guide [10] [11] .
B) Goodness-of-Fit Test
The KS statistics is defined by:
Here F e (R i )=(i-0.44)/(N+0.12) is the empirical CDF of R i and
is the computed CDF of R i . If the computed value of KS statistics by the method is less than that of critical value at the desired significance level, then the method is acceptable for determination of parameters of Gumbel distribution [12] .
C) Performance Analysis
The performance of estimated ER using five methods of Gumbel distribution is analyzed by using RMSE and given by
where i R and * i R are the recorded and estimated annual daily/ 24-hour (hr) maximum rainfall of i th event [13] .
III. APPLICATION
An attempt has been made to estimate PMP for Bhavnagar region using five methods of Gumbel [14] .
IV. RESULTS AND DISCUSSIONS
A) Estimation of ER Using Gumbel Distribution
By applying the methodology as detailed above, frequency analysis of annual daily and 24-hr maximum rainfall data was carried out. Table 3 gives the statistical parameters of the series of recorded annual daily and 24-hr maximum rainfall at Bhavnagar. Tables 4 and 5 give the ER estimates for different return periods based on daily and 24-hr maximum rainfall series given by five methods of Gumbel distribution together with the SEs. From Tables 4 and 5 , it may be noted that the ER estimates using MLM are comparatively lower and higher while using MLS when compared to the corresponding estimates for other methods. Also, from Tables 4 and 5 , it may be noted that the SEs on the estimated values are minimum, when MLM is used and maximum when MLS used.
B) Analysis Based on KS Test and RMSE
For the assessment on fitting of five methods of Gumbel distribution to the observed annual daily and 24-hr maximum rainfall data series, KS statistics were computed. The performance of the methods used for estimation of annual daily and 24-hr maximum rainfall was also judged by RMSE. The values of RMSE and KS statistics are computed from Eqs. (13) (14) and given in Table 6 . From Table 6 , it may be noted that the computed values of KS statistic of all five methods are less than the theoretical values (0.224 for daily rainfall series and 0.240 for 24-hr rainfall series) at 5% level of significance, and hence at this level, all five methods are accepted to fit the data relating to annual daily and 24-hr maximum rainfall recorded at Bhavnagar. Also, from Table 6 , it may be seen that the RMSE of annual daily and 24-hr maximum rainfall using MLM is relatively high when compared with the corresponding values of other four methods. The results of RMSE indicated that there is a marginal difference on RMSE computed by MOM, MLS, OSA and PWM for both data sets.
C) Estimation of PMP using Hershfield Method
PMP is the theoretically greatest depth of precipitation for a given duration that is physically possible over a particular drainage area at a certain time of year. In other words, it is the magnitude of rainfall, which will yield flood flows, of which there is virtually no risk of being exceeded. PMP can be estimated using Hershfield method as R KS R PMP + = … (15) The constant K for a station can be obtained by using the equation:
) Where R max is maximum value of the annual daily maximum rainfall data series and 1 R and S R1 are mean and standard deviation of the series respectively excluding R max [15] . The one-day PMP for Bhavnagar region given by Hershfield method is 532 mm, which is five percent less than the regional PMP value of 560 mm [16] . Table 7 gives the percentage of variation on the estimated 1000-year (yr) return period Mean+SE values of extreme daily/ 24-hr rainfall with reference to the PMP of 532 obtained from Hershfield method. From Table 7 , it may be noted that the percentage of variation on the estimated 1000-yr return period Mean+SE value of ER given by PWM is 1.4% when daily rainfall series used for estimation of rainfall adopting five methods of Gumbel distribution. Also, from Table 7 , it may be noted that the percentage of variation on the estimated ER given by OSA is 4% when 24-hr rainfall series used for rainfall estimation. By considering the percentage of variation in magnitude, it is suggested that PWM could be used for modelling daily maximum rainfall and OSA for 24-hr maximum rainfall for Bhavnagar region. The results showed that the 1000-yr return period Mean+SE value of one-day ER of 525 mm given by PWM is about six percent less than the regional value of 560 mm. The study suggested that the 1000-yr return period Mean+SE value of 525 mm may be considered for design purposes in Bhavnagar region.
V. CONCLUSIONS
The paper presents results of a study for assessing the frequency of ER at Bhavnagar, Gujarat adopting five parameter estimation methods of Gumbel distribution based on daily and 24-hr rainfall data. The study showed that the KS test results and RMSE values support the use of PWM for modelling daily maximum rainfall and OSA for 24-hr maximum rainfall for estimation of PMP. The results of daily rainfall data showed that the 1000-yrreturn period Mean+SE value of estimated rainfall by PWM for Bhavnagar region is 525 mm. The results of hourly rainfall data showed that the 1000-yr return period Mean+SE value of estimated rainfall by OSA is 553 mm for the region under study. By considering the percentage of variation on the estimated rainfall with reference to PMP given by Hershfield method, it is suggested that the 1000-yr return period Mean+SE value of 525 mm may be considered for design purposes in Bhavnagar region.
